. In vitro outer membrane fusion and attachment assays. (A) Purified mitochondria are brought into contact by centrifugation. A 10 min incubation on ice promotes mitofusin-dependent attachment, which is essential for subsequent fusion of outer membranes at room temperature (top). Prolonged incubation on ice prevents fusion of outer membranes but stabilizes attached intermediates (bottom). Upon incubation at 25˚C, fusion of inner membranes does not occur unless energy is regenerated. (B) Top: Fusion reactions were performed by mixing mitochondria isolated from cells expressing either the outer membrane protein OM45 tagged with GFP (OM45-GFP) or the mitochondrial matrix targeted mCherry (Mito-mCherry). Bottom: Fluorescence microscopy of a fusion reaction. Co-localization of GFP and mCherry indicate intermediates with fused outer membranes (white arrows), scale bars 1 mm. Top right: Fusion efficiency. Error bar represents the s.d. from three independent experiments. (C) Representative transmission electron micrograph of in vitro attachment reactions with mitochondria isolated from wild-type cells. DOI: 10.7554/eLife.14618.003 Figure 2 . Cryo-ET of docked intermediates (79% of sampled wild-type mitochondria, see Table 1 ). (A) Slices and zooms through tomographic volumes at different z-heights (section planes indicated in B) through the center (left) or edge (right) of a contact area defined by its major axis, l a (red bracket), and the perpendicular minor axis l b (see B); scale bars 100 nm. Dense protein complexes (yellow arrows) are visible at a distance of 6-9 nm from the outer membrane (d l , blue bracket) but not in the center of the contact area (1-3 nm, green bracket, d s ). Sections through the edge of a contact area (right) reveal interstitial densities between the outer membranes. (B) 3D rendering of outer membranes (red and orange) of two closely apposed mitochondria and protein densities around the contacts area (blue; the same color scheme is used in all figures). DOI: 10.7554/eLife.14618.004
Figure 2-figure supplement 1. Cryo-ET of major mitochondrial population of wild-type attachment intermediates (Docked, 79%, see Table 1 ). (A) Histogram of distances between outer membranes of attached mitochondria. Density between outer membranes were observed at distances > 3.5 nm. 79% of all contacts were closer than 3.5 nm. (B) Histogram of outer membrane distance d l at the periphery of contact areas. (C) Slices through tomographic volumes of the contact area; scale bars 100 nm. One out of 20 slices in the stack is shown. Red arrows, interstitial density between outer membranes. Note that this density is observed only around the edge of the contact area. DOI: 10.7554/eLife.14618.005 Figure 3 . Cryo-ET analysis of tethered intermediates (21% of sampled wild-type mitochondria, see Table 1 ). (A) 3D rendering of two closely apposed mitochondria shown in B, top row and Figure 3 -figure supplement 1. (B) Slices and zooms (indicated by black and red dashed boxes) through tomographic volumes; scale bars 100 nm. Blue bracket: outer membrane distance; red arrows, interstitial density. DOI: 10.7554/eLife.14618.007
Figure 3-figure supplement 1. Cryo-ET analysis of the minor mitochondrial population of wild-type attachment intermediates (Tethered, 21%, see Table 1 ). Stack of tomographic slices of mitochondria shown in Figure 3A with details of contact area. One out of 20 slices is shown; scale bars 100 nm; red arrows, interstitial density. DOI: 10.7554/eLife.14618.008 Figure 7D at higher resolution. Fusion intermediates (fused outer membranes, separated inner membranes) and attached intermediates (attached outer membranes) are indicated by red and green arrowheads, respectively. (E-F) in vitro mitochondrial attachment upon Fzo1 overexpression. (E) Method summary: Mitochondria isolated from cells expressing either mito-GFP or mito-mCherry were mixed in equal amounts and processed for in vitro attachment reactions before analysis by fluorescence microscopy. Attached mitochondria (red-red; green-green; green-red) were counted in reactions stopped before centrifugation (t À10), after centrifugation (t 0) or after 10 min incubation on ice (t +10). (F) Ratios of attached mitochondria from wild-type (WT, blue) or Fzo1 overexpressing (FZO1 o.e., red) cells at t À10, t 0 and t +10. Ratios were normalized to the WT attachment at t 0. Mitochondria from Fzo1-overexpressing mitochondria were attached twice as frequently than mitochondria from wild-type cells at all time points, both after and before centrifugation (t À10). With Fzo1 overexpression, centrifugation stimulated in vitro attachment by a factor of two, compared to wild-type (t 0). In contrast, incubation on ice (t +10) had a weak effect on attachment in both wild-type and Fzo1 overexpressing conditions (compare t +10 with t 0), consistent with the requirement of this step for the transition from tethering to docking rather than for de novo attachment in vitro. DOI: 10.7554/eLife.14618.021 
